INTRODUCTION
Acetylcholine neurotransmitter pathways are involved in a variety of brain functions, including control of movement, maintenance of consciousness, learning and memory. Developmental studies of rodent brain and more limited data from human postmortem tissue indicate that maturation of biochemical markers for cholinergic pathways lags behind other systems such as catecholamine neurons4,11,18. In neocortex from rats and humans, the activity of the acetylcholine synthetic enzyme, choline acetyltransferase (CHAT), rises slowly to adult levels over an extended period postnatally9. This time course corresponds to the gradual postnatal acquisition of several motor and cognitive behaviors thought to be mediated by cholinergic neurotransmissionS,18. These events are also accompanied by reorganization of cholinergic neurocircuitry in developing brain. For example, in humans, acetylcholinesterase containing islands are prominent in the infant corpus striatum but adults have a more homogeneous pattern 15. Neonatal rat somatosensory cortex contains dense fibers staining for acetylcholinesterase in layer IV which disappear by 3 weeks of age z2. Muscarinic receptors are also relatively concentrated in layer IV of 1 week old rat pups and receptors in layer I become apparent at later times to form the adult pattern e3. Therefore, maturation of brain cholinergic innervation, both in terms of addition of nerve fibers and receptors and their reorganization into adult circuits, appears to be an important feature of postnatal brain development.
To examine the development of cholinergic neurocircuitry in human brain, we studied the binding characteristics of the muscarinic antagonist [3H]quinuclidinyl benzilate ([3H]QNB) in postmortem tissue from infants less than 3 months of age and compared them to brain from adults. The distribution and relative density of muscarinic binding sites was determined using quantitative in vitro autoradiography on frozen brain sections. These results were compared to analyses of [3H]QNB binding to homogenates of tissue from the same brain specimens sampled in areas adjacent to the frozen sections. The results demonstrate that muscarinic receptor binding affinities and pharmacologic characteristics are similar at the extremes of age. However, the density of [3HIQNB binding in infants generally exceeds that in adults. Furthermore, the neocortical laminar receptor distribution found in the perinatal period is markedly different from the adult pattern, suggesting that cholinergic neurocircuitry is reorganized during postnatal development.
MATERIALS AND METHODS
Postmortem tissue was obtained from the Pathology Department after removal at autopsy. The 5 infants ranged in age from 1 week to 3 months, and they died suddenly from congenital heart disease in 4 cases (aortic arch anomalies in 3 and vetricular septal defect in a fourth) and pulmonary insufficiency in one. All had short periods of hypoxemia prior to death but none had clinical evidence of significant brain hypoxia-ischemia and routine neuropathological examinations were unremarkable. None of the infants had apparent chromosomal anomalies. The 5 adults ranged in age from 55 to 74 years (mean = 56 years, S.D. = 18). All died suddenly, 4 of outpatient cardiac arrests and one during coronary bypass surgery. None had neurological diagnoses and routine neuropathoiogical exams were normal. Brains were removed, cut into coronal slices approximately 2 cm thick, quick frozen on a glass plate on dry ice and stored frozen at -70 °C within 3-24 h after death.
Saturation analysis of [3H]QNB binding as well as comparison of regional differences in maximal ligand binding and pharmacologic displacement studies were performed in homogenates of tissue adjacent to blocks used for autoradiography. Pieces of frozen gray matter were dissected so as to exclude major areas of white matter and homogenized 1:200 (wt/vol) by sonication in 50 mM Tris buffer, pH 7.7, at 4 oc. The homogenate was centrifuged at 48,000 g for 10 rain, the supernatant was discarded and the pellet was resuspended in the same volume of buffer. Aliquots containing 1 mg of tissue were added to tubes, brought to a final volume of 4 ml of buffer and incubated for 1 h at 37 °C along with various concentrations (0.02-1 riM) of [3H]QNB (29 Ci/mmol, New England Nuclear). Specific binding was determined in duplicate or triplicate as the difference between radioactivity bound in the presence or absence of 2 mM oxotremorine or 10 -4 atropine, which gave identical results. For drug displacement studies, the competing muscarinic agonist or antagonist drugs (purchased from Sigma, St. Louis, MO) were added to the incubation mixture at the same time as the [3H]QNB (0.3 nM) at a range of concentrations shown in the results. The incubation was terminated quickly by filtration of the suspension through GF/B (Whatman) glass fiber filters under vacuum. The filters were washed 4 times with 4 ml aliquots of the ice cold buffer, dried and placed in vials with ACS (Amersham) liquid scintillation fluid and trapped radioactivity was counted by liquid scintillation spectrometry. Protein was determined using the BioRad assay 3.
For data analysis, maximal binding capacity (Bmax) and receptor affinity (Kd) were calculated using least squares regression analysis of Eadie-Hofstee plots of saturation isotherms. Displacement data for agonist or antagonists were analyzed using a computer program to perform least squares fit of the data to a one or two site model 29. Inhibitory concentrations that displaced 50% of the maximal binding (ICs0s) were determined from log-logit plots.
The autoradiographic procedures were done by methods developed previously 31-34. The entire blocks of tissue were placed in a Lipshaw 1800N cryostat to equilibrate at-20 °C and 30/~m frozen coronal sections of half or whole brain were cut and thaw mounted on gelatin-coated 3.25 x 4 in. lantern slides. For one of the infant specimens, tissue for examination was limited to smaller blocks of frontal, temporal and parietal cortex cut in the coronal plane. The glass mounted tissue sections were then brought to room temperature and immersed in 3 sequential 5-rain washes with Dulbecco's phosphate buffered saline, pH 7.4. Then they were placed in a bath containing a saturating concentration of [3H]QNB (1.4 nM) in the same buffers at 25 °C for 3 h. After incubation, the mounted sections were placed in two ice cold (4 °C) 5 min washes of buffer, then blown dry with a cooled stream of air. The sections and standards containing known amounts of radioactivity were placed in contact with the emulsion of tritium sensitive film (Ultrofilm-3H, LKB) in an X-ray cassette and placed at 4 °C for 7-10 days exposure. The autoradiograms were developed for 5 min in D-19 developer (Kodak) at 20 °C. Binding of tritiated muscarinic antagonist in regions 0.5 x 0.5 mm was determined using a computerized spot densitometer to compare the film density to the standards 31. Non-specific binding (less than 5% of total for infants and adults) was subtracted from each image and this was measured as binding in the presence of 10 -4 M atropine.
After the films were developed, the sections were fixed over paraformaldehyde vapors at 60 °C for 4 h and then stained with cresyl violet. The developed film was then reoriented over the section. Section and film were examined under a dissecting microscope to determine the exact cortical areas from which measurements had been made.
RESULTS

Receptor binding in brain homogenates
To compare the maximal binding capacity (Bmax) and affinity constants (/Ca) in infants and adults, saturation analysis was performed on multiple regions of a single neonate and adult in the same assay. Additional brains were analyzed at a single saturating ligand concentration to measure Bma x (Table I ). Fig. 1 shows Eadie-Hofstee plots of a representative saturation binding study comparing adult and infant frontal cortex. Both plots are linear (r 2 = -0.95) and the 0o .. Comparing the 3 infants and adults directly, the mean values for infants exceeded adult values in the 4 cortical regions by 6-43%, though this difference was not significant using Student's t-test. BmaxS in all cortical regions at the same age were similar while binding in caudate nucleus in one subject was twofold higher than cortex. The equilibrium affinity constants were quite similar at the two ages and in parietal and temporal cortex the Kds differed by less than 13%.
The pharmacological characteristics of [3H]QNB 
Concentrations of agonists and antagonists that displaced 50% of [3H]QNB bound to homogenates of human cerebral cortex
Values were derived from log-logit plots of data from experiments in which various concentrations of displacers were incubated together with 1 mg of cerebral cortex and 0.3 nM [3HJQNB as described in Methods. The results for adult cortex closely resemble our data from rat cortex (carbamylcholine 1 x 10-4; oxotremorine 1.5 x 10-6; atropine 2.0 × 10 -9) and values from human adult cerebral cortex previously reportedA,l°.12,3L
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binding at the two ages were studied by displacement experiments with the antagonists, scopolamine and 'atropine, with a mixed agonist, pilocarpine and with the muscarinic agonists oxotremorine and carbachol (Table II, Fig. 2 ). The agonist and antagonist displacement curves in cortex from infants and adults were quite similar. Displacement curves for atropine ( Fig. 2) and scopolamine (Table II) were nearly perfectly sigmoidal, consistent with binding to a single population of receptors. The curve for pilocarpine ( Fig. 2) did not appear perfectly sigmoidal but the computer derived Hill coefficients (1.0 for adult and 0.93 for the infant) were close to unity and the cornputer program indicated that the data fit best to a one site model. In contrast, the Hill coefficients for displacement of [3H]QNB binding by oxotremorine and carbachol were considerably less than unity and the plots deviated markedly from sigmoidal shape. The non-linear curve fitting program fit the data to a two site model (Fig. 2) . For carbachol, the Hill coefficient for the displacement curve was 0.42 + 0.1 for adults and 0.54 _+ 0.03 for the infant. Carbachol displaced 46% of [3H]QNB from a high affinity (K i = 1.4 x 10-6 M) site and 54% from a site with an apparent affinity constant of 4 x 10 -4 in adult brain. In the infant the distribution was nearly identical (Fig. 4) oxotremorine displaced 67% of the [3H]QNB from a 'low' affinity site in adult cortex (K i = 4 x 10 -6 M) and 33% from a site with an apparent affinity of 2 x 10 -8 M. The data from infants resembled closely that from adults.
Quantitative [3H]QNB autoradiography
Since the binding data from homogenates indicated that [3H]QNB binds to similar receptor site populations in infants and adults, we analyzed the distribution and quantity of these sites in more detail using quantitative autoradiography. Binding is highest in the caudate nucleus (c) and putamen (p) of both adult and infant. High binding is also present in outer cortical layers of the adult, layer 4 of the infant, dorsal medial (d), anterior (a) (adult), and ventral lateral (v) (infant), thalamic nuclei, subthalamic nucleus (s) (infant) and stratum oriens of hippocampus (hp). Differences in the prominence of the thalamic nuclei in these specimens are due to differences in the level of sectioning and no major age related changes were apparent. Details of cortical binding from the areas in boxes are shown in Fig. 4 Fig. 3 . The major feature obvious from gross inspection is that the relatively dense binding in superficial layers of most regions of adult neocortex is much less apparent in the infants. However, one cortical region which does resemble the adult more closely is insular cortex. Dense binding is also present in the caudate and putamen and in the infant, it appears more concentrated than in the adult. The general features seen in the infant brain shown in Fig. 3 were duplicated in all the specimens we examined. There was no correlation between the mode of death and any alterations in the pattern of binding. Preliminary studies of one infant with pulmonary hypoplasia indicated that binding was lower in neonatal cortex but the autoradiographic pattern was the same as the other neonates 20. Fig. 4 . Details of cortical binding from the boxed areas in Fig. 3 . Arrows point to layer 2. Scale bar = 1 ram. Table III . As in the homogenate studies, there were fewer muscarinic binding sites in adult than in infant but greater differences between the two ages were measured on autoradiograms than in homogenates.
Densitometric measurements of [3H]QNB bound to several regions of the human brain are shown in
Adult In1
The autoradiograms demonstrated [3H]QNB binding
in regions of the adult brains that was 49-85% lower than analogous regions in infants and the group regional differences were almost all statistically significant. Overall, the absolute BmaxS calculated from the autoradiographic data were 3-5 times those calculated from the homogenate binding.
The densitometric data also confirmed that the normal adult laminar distribution pattern (higher in superficial layers than in deeper layers) was reversed in the neonates. The ratio of binding in layer 1/layer 4 was 0.92, 0.87 and 0.83 in frontal, temporal and insular cortex respectively compared with ratios greater than 1 in adults. Fig. 4 demonstrates this inversion in an enlarged photograph of portions of neocortex shown in Fig. 3 . Both inspection and quantitative densitometry are in agreement in demonstrating that the adult pattern develops postnatally from an infantile 'inside layer greater than outside' pattern. Furthermore, this reorganization occurs in association with an overall developmental decrease in muscarinic receptor density.
DISCUSSION
The results of [3H]QNB binding experiments in tissue homogenates suggest that muscarinic receptors in cerebral cortex from human adults and young infants share very similar characteristics. Our results for receptor density and binding affinity are quite
TABLE III
Regional distribution of [-~H]QNB binding determined from autoradiograms of human brain
Values are mean + S.E.M. of B~s from the number of brains in parentheses. The Bma x from each region was based on the means of 8 densitometer readings and converted to quantities of [3H]QNB using standards as described in Methods. 'Layer 1' is the most superficial 1 mm of cortex and 'layer 4' is a 1 mm area including layer 4 based on comparison with Nissl staining of autoradiogram sections. The autoradiograms were prepared at a saturating concentration (1.4 nM) These results are similar to those for adult rat neocortex 27 (Silverstein and Johnston, unpublished results). In another study of adult human brain, carbachol displacement revealed apparent sites with affinities of 3-42 x 10-6 M and 7-13 x 10-4 M with 75% lower affinity sites 37. In contrast to newborn rodents, in which there is postnatal acquisition of the population of high affinity muscarinic sites 25, very young human infants appear to have developed high affinity sites at birth.
Quantitative receptor autoradiography using emulsion and tritium-sensitive film has been de-201 scribed for [3H]QNB and other neurotransmitter ligands and provides a higher level of resolution than is possible with homogenate binding studies 13, 21, 23, 26, 30, 34, 35, 38, 39 . Direct comparison of quantitative autoradiographic data and homogenate binding demonstrated consistent, significant absolute differences between the two methods. The Bma x and apparent K d are generally considerably higher when derived from autoradiograms than from homogenates 13,31. This disparity may be due in part to the ability of autoradiography to resolve small regions of high receptor density which are averaged with low density areas (e.g. white matter) in homogenates. BmaxS from the autoradiograms from the human tissue were 2-4 x higher than results from homogenate data and the differences between the adults and infants were greater and statistically significant in the autoradiograms. The autoradiographic data are in agreement with the trend suggested by the homogenate results indicating that infants have a higher muscarinic receptor density than adults in both cortical and subcortical regions. The higher receptor site density in infants may have several possible explanations. Muscarinic receptors may be generated in higher than adult densities in anticipation of the expansion of axo-dendritic connections that occurs in childhood 6,7. It is possible also that the higher density is correlated with the relatively high synaptic density found in the infant's cerebral cortex and some pruning occurs later on 14,17. It is noteworthy that we have also found higher than adult concentrations of binding sites for [3H]muscimol, a GABAergic agonist and [3H]flunitrazepam in these same specimens (Johnston, Penney and Young, unpublished observations). An 'overshoot' also occurs in the concentrations of the GABA synthetic enzyme L-glutamate decarboxylase in human neonatal brain and in [3H]-GABA uptake in developing rats8,11. However, our human data for muscarinic receptors is distinctly different from the pattern reported for rats, which shows a steady rise in postnatal life 9,25.36.
The most striking developmental difference in muscarinic receptors between ages is seen in the autoradiograms of the cerebral cortex. In adults, muscarinic receptor binding is relatively dense in superficial layers I-III, and acetylcholinesterase positive fibers are also relatively dense therel9, 22. In contrast, layer IV of infant rodents and humans contains an early, dense innervation with acetylcholinesterase fibers 23,24. This region also contains a relatively high concentration of synapses in the immature cortex2L Our results indicate that layers IV-V1 in the human infant are denser than more superficial layers. The inversion of the adult pattern of muscarinic binding in the infants is quantifiable from the autoradiograms using the ratio of binding in layer l:layer 4 which is less than unity in infant cortical areas and greater than 1 in adults. Prominent muscarinic receptor binding in layer 4 with reduced superficial receptors has been observed in infant rat somatosensory cortex 23. The human neonatal cortex seems to acquire muscarinic receptors from inside outward, in a fashion resembling the pattern for maturation of axo-dendritic connections 7. The detailed localization of these receptors, their relationship to synaptogenesis and functional importance in infancy remain to be established. However, reorganization of the intracortical muscarinic receptor pattern appears to be an important feature of postnatal human development.
